Introduction
Since the diversity in signal polarization can be exploited to improve the accuracy of angle estimates, using diversely polarized arrays for angle estimation has recently attracted considerable attention. As a result, a number of angle estimation techniques have been developed for diversely-polarized array, which include specialized versions of the MUSIC [4], ML [3] and ESPRIT [l] , [2] , [8] as well as the Cramer R30 bound analysis
[5], [9] . Both the MUSIC and ESPRIT techniques require less computation than the ML. But, for coherent signals, the MUSIC [4] and ESPRIT [l] , [2] and [8] fail.
However the MUSIC and Pencil-MUSIC (PM) methods shown in [6] circumvent the coherent case.
Although much work has been done in analyzing the 1D estimation techniques, there is no corresponding effort made for the 2D angle estimation methods. In this paper, we will study performances of the MUSIC and Pencil-MUSIC methods [6] , for large sample case. For the MUSIC method, the analysis is made by means of the Taylor series expansion of a multivariate function, which is a generalization of the methodology used in [7] . The analysis for the Pencil-MUSIC method is
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made by following the same way as that for the ES-PRIT in [7] . A better understanding of the MUSIC and Pencil-MUSIC methods is obtained as a result of this analysis.
In [6] , the Pencil-MUSIC method was developed for finding both angles and polarizations. But in certain applications, one may be only interested in the angles. For this reason, we have also developed the angle-only (AO) version of the Pencil-MUSIC (AOPM) method [ll] . The AOPM method is based on the sum of the covariance matrix of the x-dipoles and that of the ydipoles. It is more efficient in computation. A comparison between the accuracies of the PM and AOPM methods is established for the one-signal case.
D a t a Model
A rectangular array consisting of M x N pairs of crossed dipoles, placed in the X -Y plane, is employed. Interelement distances along 2-direction and y-direction are A, and AV, respectively. The outputs at the (m, n)th 2-and y-dipoles for the tth snapshot can be represented as [6] I z(m, n,t) = Ce.ipr-'qP-'si(t) are independent for different locations, with zero means and variance U'. Furthermore, the signals are assumed to be uncorrelated with noise.
Pencil-MUSIC and MUSIC
Let x:(t) = z ( l , / , t ) 2(2,l,t)
. . . z ( M -J + l , / , t ) z ( J , l , t ) z(J+1,1,t) . . .
z ( M , I , t )
Z ( Z , / , t )
2(3,I,t)
. . . z ( h f -J + 2 , I , t ) 
we can write R, = U , B : , U~ + U,B,Uf where B, = Using Lemma 1 , we get estimate errors Aw;,k = %e{pfk(We(t)Zf(t) we(t)wB(t))vi}. BY
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taking expectation to Awi,k and (Awi,k)', we can obtain the desired result. I, Proof: See [IO] . 1,
In the analysis of the Pencil-MUSIC method, the perturbation on multiple eigenvalues emerges, which is an open problem. In order to avoid it, we impose a few restrictions in Theorem 2.
Angle-Only Pencil-MUSIC
Of(A$A*l)-lAK (Jiz -zi,iJI1) and ck,l(i) (1 = 1,2,3) Varpencii(AWi,t) = gi,k;
Due to the limit of space, the description of the AOPM method is not included here.
The estimation accuracies for the PM and AOPM methods involve eigenvectors and eigenvalues of different covariance matrices. For the multiple-signals case, it is not easy to theoretically compare the AOPM and PM methods. However for the one-signal case, an analytical comparison has been found, which shows accuracy of the AOPM method is slightly poorer.
In this section, we focus on the one-signal case. All quantities are calculated and statements are valid for the one-signal case. = 2. This result means that for large SNR, the AOPM and PM methods have virtually the same performance, and for low SNR, the AOPM method is no more than 3dB poorer.
Example of Simulation
We consider two signals with unit-power. It can be seen that the performances of both the MU-SIC and Pencil-MUSIC methods are not monotonically decreasing as the polarization difference A7 increases. However, as Ay is above lo', they are monotonically decreasing functions of Ay. It is interesting to note that the deviation of the estimates of ql increases drastically when Ay approaches 90'.
Conclusion
In this paper, we have obtained a closed form expreasion for the estimation accuracy for the Pencil-MUSIC and MUSIC methods and compared the performance of the two methods via analysis and simulation. For the one-signal case, we have also provided a clear comparison of the performance of the AOPM and PM methods.
] (7) e , l q~ @ PI . . . where I, denotes the m x m identity matrix, S , the submatrix of I, identity matrix with the first row deleted, and T, the submatrix of identity matrix with the last row deleted.
